ABSTRACT: The absolute absorption coefficient, α(E), is a critical design parameter for devices using semiconductors for light harvesting associated with renewable energy production, both for classic technologies such as photovoltaics and for emerging technologies such as direct solar fuel production. While α(E) is well-known for many classic simple semiconductors used in photovoltaic applications, the absolute values of α(E) are typically unknown for the complex semiconductors being explored for solar fuel production due to the absence of single crystals or crystalline epitaxial films that are needed for conventional methods of determining α(E). In this work, a simple selfreferenced method for estimating both the refractive indices, n(E), and absolute absorption coefficients, α(E), for loose powder samples using diffuse reflectance data is demonstrated. In this method, the sample refractive index can be deduced by refining n to maximize the agreement between the relative absorption spectrum calculated from bidirectional reflectance data (calculated through a Hapke transform which depends on n) and integrating sphere diffuse reflectance data (calculated through a Kubleka−Munk transform which does not depend on n). This new method can be quickly used to screen the suitability of emerging semiconductor systems for light-harvesting applications. The effectiveness of this approach is tested using the simple classic semiconductors Ge and Fe 2 O 3 as well as the complex semiconductors La 2 MoO 5 and La 4 Mo 2 O 11 . The method is shown to work well for powders with a narrow size distribution (exemplified by Fe 2 O 3 ) and to be ineffective for semiconductors with a broad size distribution (exemplified by Ge). As such, it provides a means for rapidly estimating the absolute optical properties of complex solids which are only available as loose powders.
■ INTRODUCTION
The absorption coefficient of semiconductor, α(E), determines what thickness of a material is required to effectively absorb light of a particular wavelength. As such, the absolute absorption coefficient is a critical design parameter for semiconductors used for light-harvesting applications associated with renewable energy production. The applications include the mature technology of electricity generation by photovoltaic devices as well as alternative technologies for the production of chemical fuels through water oxidation or CO 2 reduction. The absorption behavior clearly impacts the material cost of the semiconductor device (which is expected to scale with thickness) but may have an even larger impact on functionality since the length that photogenerated free carriers can diffuse before recombining is often small relative to the semiconductor thickness needed to harvest the majority of light illuminating the semiconductor. While α(E) is well-known for many classic semiconductors used in photovoltaic applications, the absolute values of α(E) are typically unknown for the complex semiconductors being explored for emerging applications such as the solar production of H 2 fuel from water, 1−4 the reduction of CO 2 to form hydrocarbon fuels, 5 or unconventional ferroelectric photovoltaics. 6 The fundamental equation describing the absorption of light of a given wavelength is I/I 0 = e −αt , where the ratio of the intensity of the transmitted (I) and incident (I 0 ) light scales as the negative exponent of the product of the absorption coefficient (α) and the material thickness (t). In order to absorb ∼90% of incident light, the material thickness must be at least t = 2/α. For a strongly absorbing optical transition with α ∼ 10 5 cm −1 this corresponds to a thickness of ∼200 nm, while for a weakly absorbing transition with α ∼ 10 2 cm −1 this corresponds to a much larger thickness of ∼200 μm, which is far larger than the free carrier diffusion length expected for semiconductors. In many cases, it has been found that the measured photoactivity of semiconductor systems scales linearly with the absorption coefficient (Figure 1 ), indicating that the absorption behavior of the semiconductor is critically limiting performance. 3, 7 This is not surprising since the absorption coefficient often has a strong wavelength dependence and may vary by multiple orders of magnitude across the photon energies most relevant for solar applications (1−4 eV).
While the determination of the relative absorption spectrum, here denoted α′(E), of semiconductor can be easily accomplished using commercial instruments that utilize an integrating sphere to measure the diffuse reflectance of powders, the measurement of absolute absorbance coefficients, denoted α(E), is far from routine. For this reason, the absolute absorbance coefficients for the vast majority of emerging complex semiconductor systems remain unknown. If large, highly perfect single crystals or crystalline epitaxial films are available, α(E) can be determined in a relatively straightforward manner based on measurements of the transmission or reflectance spectrum. 8, 9 However, it can be the work of many months or years to prepare samples suitable for these measurements. Alternatively, dense pellets of polycrystalline powders can be used to determine α(E) through the application of a Kramers−Kronig transform to reflectance data collected over a very wide range of energies (approximately 0.001−10 eV). Still, there are significant hurdles in both sample preparation (should have very dense pellets polished to have a high reflectivity), instrumentation (coverage of this energy range typically requires the use of many different sources and detectors, and the absolute reflectance must be determined so standard reference materials need to be used to calibrate the data seamlessly across all of the separate measurements), and in the method itself (knowledge about the reflectance at all frequencies is needed for the Kramers−Kronig transform, so approximations must be made about the sample response outside the measurement range). 10 As a result, this very laborious method still has substantial accuracy limitations.
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In this work, a simple self-referenced method compatible with loose powder samples is demonstrated, allowing the estimation of both refractive indices, n(E), and absolute absorption coefficients from diffuse reflectance data. This method can be quickly used to screen the suitability of emerging semiconductor systems for light-harvesting applications, even if the semiconductors are only available as loose powders, maximizing its versatility and applicability. In this approach, diffuse reflectance data are first collected using an integrating sphere and transformed to a α′(E) through a Kubleka−Munk transform. Next, bidirectional reflectance data are collected for the same powder. A mathematical transform for calculating α(E) from bidirectional reflectance data has been derived previously by Hapke, 12−14 and this approach requires knowledge of both n(E) The final product was dark gray in color. Reaction progress was assessed using laboratory powder X-ray diffraction data (XRD) collected over a 2θ scan range of 10−119°using a step size of 0.02°, a fixed divergence slit of 0.3°, and Soller slit widths of 2.5°on a Bruker D8 Advance diffractometer with a nickel filtered Cu Kα source. Scanning electron microscopy (SEM) data were collected on a JEOL 7600F instrument. Powder samples were mounted on circular aluminum standard sample studs using carbon conductive tape. To minimize sample overlap, samples were dispersed in ethyl alcohol prior to deposition on carbon tape. The ImageJ analysis software 15 was used for estimating particle size distributions. Laser diffraction on a Malvern Mastersizer 2000 diffractometer was used as complementary technique for the determination of particle size. For these experiments, solutions were mixed overnight to disperse and homogenize them prior to measurements. During measurements, a small portion of the suspended powders was pipetted into a 600 mL beaker by a Hydro 2000MU pump and the sample was further diluted and sonicated to reach an optimal transmission through the sample cell. For each sample, the tested dispersant solutions were water, ethyl alcohol, water with surfactant, and water with sodium hexametaphosphate. Final measurements were carried out using sodium hexametaphosphate, which was found to be the optimal dispersant.
High energy optical data were collected in UV−vis diffuse reflectance spectroscopy on a PerkinElmer Lambda 950 spectrometer coupled with a 60 mm integrating sphere. Powder samples were loaded into a cylindrical powder holder with a circular quartz window 16.60 mm in diameter and 1.50 mm thick. A scan range of 250−860 nm (4.97−1.44 eV) with a lamp change at 319.2 nm was used with a step size of 1.30 nm and a scan rate of 182.25 nm/min. Calibration was done using a BaSO 4 (Alfa Aesar, 99.998%) 100% reflectance standard. Integrating sphere reflectance data, R(E), were transformed to a relative absorption, α′ IS (E), by a Kubelka−Munk transform. 16 Low energy optical data were collected on a bidirectional reflectance spectrometer (Supporting Information Figure S5 ) using an 8°field of view (optic lens coupled to the detector through an optical fiber) on an ASD Fieldspec3Max UV−vis− near-IR spectrometer with a 512 element Si photodiode array detector for the 350−1000 nm energy range and two thermoelectric-cooled InGaAs photodiode detectors in the 1000−2500 nm range, giving a spectral resolution of 10 nm (at 1400 and 2100 nm). The incident light was provided by an Ocean Optics HL-2000-HP tungsten halogen light source directed down a 600 mm Ocean Optics optical fiber. Data were collected with an incidence angle θ i of 30°and an emission angle θ e of 0°(angles specified relative to normal of the sample plane). Incidence and emergence angles were set using a custombuilt mount (estimated error < 2°). All spectra were taken in the absence of ambient light and referenced to a calibrated Spectralon standard (Labsphere, Inc.) illuminated at the same angle as the sample. Reflectance data were taken at 10 scans/s by averaging 500 dark current scans, 500 white reflectance reference scans, and 500 sample reflectance scans. Powder samples were loaded into a black sample holder with a well depth of 5 mm and then leveled by tapping of the sample holder.
■ RESULTS AND DISCUSSION
Hapke Theory for Bidirectional Reflectance Data. A general treatment of the scattering of light from powder samples has been derived by Hapke 14 ( Figure S1 ). The geometry for a bidirectional reflectance experiment is shown in Figure 2 . In the present work, the incidence angle, θ i , was set to 30°while the emission angle, θ e , was set to 0°, putting the detector normal to the flat sample tray containing the loose powder. The specific relationship expected between the experimentally measured bidirectional reflectance response and the sample absolute absorbance under a simple set of approximations within that general formalism of Hapke is reviewed here.
The first step to determining α(E) is the calculation of the single-scattering albedo, w. This is defined as the ratio of scattering to total extinction (scattering + absorption). w is related to the albedo factor, γ, by
γ at a specific wavelength can be derived from the measured reflectance, R, by
where μ 0 and μ are the cosine of θ i and θ e , respectively. The internal transmission coefficient, Θ, describes the total fraction of light entering the particle that reaches its surface after one transit, and it depends on the single-scattering albedo as
Here, S e and S i are the external and internal scattering coefficients. For nonporous materials, it has been proposed 13, 14 that these scattering coefficients can be approximated by
where n is the real part and k is the imaginary part of the refractive index. Both equations are empirical formulations approximated from exact values of S e and S i . For a specific wavelength, the absorption depends on k as
For nonmetallic samples, the interaction of light with the solid is typically weak. As a result of this, it is usually true that k < 0.1, and as a consequence, the influence of k on S e is small. For example, at a wavelength of 600 nmnear the center of the visible light spectrumthe value of k will be less than 0.1 so long as the absorption coefficient is below ∼2 × 10 4 cm −1 . The reflectance data will therefore generally provide good sensitivity to the refractive index, n(E). Conversely, the same arguments suggest that sensitivity of the method to very strong absorption features may be limited. It should be noted that in the presence of very strong absorption (k > 0.1), the simple expressions for S i and S e in eqs 4 and 5 in which n and k independently contribute to the scattering coefficients may not be appropriate. 14 In general, Θ can also independently be related to the absorption coefficient, α, and the distance light travels through particles by the relationship:
Note that ⟨D⟩ is the effective particle thickness and is defined as the distance traveled by rays that traverse the particle once without being internally scattered, and for ideal monodisperse spheres, this effective distance is about 90% of the diameter, with ⟨D⟩ ∼ 0.9D, and with this fraction having a weak dependence on the refractive index.
14 Due to the exponential relationship between Θ and ⟨D⟩, the most appropriate value of D to use in calculations for particles with a size distribution is typically not the average particle dimension, but is instead the minimum particle dimension or the minimum particle size if there is a distribution of particle sizes.
14 If the simple form of eq 7 is appropriate, then the absolute absorption coefficient can be calculated by combining eqs 3 and 7, giving the relationship: 
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The absolute absorption spectrum of a loose powder can be directly calculated using from bidirectional reflectance data though this Hapke transform of eq 8. A flowchart of this process for obtaining α(E) is provided in Figure 3 . While knowledge of both n(E) and D is needed to calculate α(E), α′(E) does not require knowledge of the particle size. The absolute absorbance calculated this way has a simple inverse relationship with the particle size but a very complex relationship with the refractive index, which is described by eqs 1−8. Although the mathematical relationships are complex, they are indicative of a monotonic relationship between R(E) and α(E) that can easily be computed ( Figure S2 ).
Given the strongly nonlinear relationship between α and Θ, this formalism is only valid when the particle size distribution is relatively narrow. It should also be noted that eq 8 also assumes that the loose powder sample is in a volume-scattering regime, where the reflectance of the sample is dominated by the refraction, transmission, and scattering of dense particles. This assumption is believed to be most effective when 0.1 ≲ αD ≲ 3 (see ref 14) . If other internal scattering processes are active within the particle, the simple form of eq 8 should be replaced by a more complex relationship that better describes the relationship between α and Θ, though such a treatment is beyond the scope of the present work.
Self-Referenced Determination of Refractive Index. Among the three experimentally measured quantities (R, n, and D) needed to calculated α(E) using the methods described in the previous section, the refractive index is the least experimentally accessible since there is no simple technique for the direct measurement of n for powder samples. Using integrating sphere (IS) reflectance data, α′ IS (E) can be easily calculated without knowledge of n or k through a Kubleka−Munk transform: Figure 4 . These compounds were chosen due to their complex optical spectrum due to the unusual direct metal−metal bonding present within these oxide compounds. In these initial fits, the energy dependence of n(E) was neglected since the variation of n is often only on the order of 10−20% across the spectral range of these measurements (0.5−3.5 eV). Other simple functional forms of n such as that of the Sellmeier equation 19 can be easily fit in a similar manner if modeling of the energy dependence of n is desired. In Figure 4 , α′ IS from integrating sphere data is shown in red and is compared to α′ BR calculated for different values of n, shown as dashed black lines. Even within the constant n approximation, it is possible to obtain superb agreement between the relative absorption spectra inferred from integrating sphere and bidirectional reflectance data over the full range of energies studied. For both La 4 Mo 2 O 11 and La 2 MoO 5 , the refined single value of n that best fit the data was 1.91. Larger or smaller values of n were unable to effectively reproduce the energy variation of α′ IS over the measured energy range, with the most pronounced differences at energies above 1.5 eV. Although n has not Figure 3 . Flowchart of the process for calculating the absolute or relative absorbance of loose powder samples using a Hapke transform. White box indicates the primary input of optical data (reflectance), yellow boxes are other input data (obtained from measurements or theory), green box is reflectance measurement settings, gray boxes are derived parameters calculated from input data, and red boxes are physical properties that can be calculated. Knowledge of both the sample size and refractive index is needed for the calculation absorption coefficients, α(E), while only the refractive index is needed to calculate relative absorption coefficients, α′(E). 21 This suggests that this novel self-referenced method is able to provide reasonable experimental estimates of the refractive indices of complex solids. It should be noted that the sensitivity to n is enhanced by carrying out the fitting over a large energy range, as the differences in fit quality at low energy data (0.5−1.5 eV) were small for a wide range of n values.
/(2R IS
). If the α′ IS relative absorption data are used as a reference when analyzing bidirectional reflectance (BR) data, R BR , then it is possible to treat n as a fit parameter and to then refine n so that the agreement between α′ IS and α′ BR is maximized. Sample size D does not influence the outcome, as it simply behaves as a linear adjustable scale factor. This process for estimating n is demonstrated for the compounds La
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Experimental Determination of Particle Diameter. In addition to the refractive index, the representative particle diameter is also needed to calculate absolute absorbance from bidirectional reflectance data using a Hapke transform. To validate the use of a Hapke transform in calculating absolute absorbances, two classic semiconductors (Fe 2 O 3 and Ge) whose full optical coefficients (n and k) have been previously determined in single crystal or thin film studies were chosen to serve as controls. Estimates of the particle size distribution were first made using the technique of laser diffraction, with measurements carried out on powders dispersed in sodium hexametaphosphate solutions and subjected to sonication treatments. The volume-weighted size distributions obtained in this manner are shown in Figure 5 .
The laser diffraction experiments indicated a much smaller particle size for Fe 2 O 3 (mode of 1 μm) than for Ge (mode of 50 μm). A secondary peak maximum of 20 μm was found for Fe 2 O 3 , which was tentatively attributed to the presence of a modest amount of larger aggregates due to imperfect dispersion of particles within the aqueous solution. Similarly, a small secondary peak at 750 μm was also tentatively attributed to the aggregation of Ge particles. In both cases, it is expected that the aggregates are artifacts induced by the liquid-based measurement procedure and are not relevant to the analysis of reflectance data collected under dry conditions in which the attractive forces associated with the suspension of particles will be absent. The distribution of Fe 2 O 3 was much more symmetric than that of Ge, which exhibited a large tail extending to particle sizes 2 orders of magnitude smaller than the 50 μm peak size. This distribution is particularly unfavorable for the determination of absolute optical properties since smaller particles have an exponentially larger influence on the measured reflectance than large particles.
Complementary direct measurements of particle size were obtained through SEM studies, with representative images shown in Figure 6 . The Feret diameters for primary particles were automatically extracted using image analysis software. 15, 22 No evidence was found in SEM images for the very large aggregates seen in the laser diffraction studies, suggesting that they indeed represent an aggregation phenomenon which only occurs in a liquid medium. It can be seen in SEM images that the primary particle size for Fe 2 O 3 is typically ∼0.1 μm, though these primary particles are generally found in sintered clusters of secondary particles whose dimensions are consistent with the 1 μm peak seen in laser diffraction studies. The distribution of Ge particles (wide variation in size with an extended tail to low particle sizes) inferred from laser diffraction measurements was confirmed by SEM studies. The lack of sintered aggregates in the Ge sample is consistent with this sample being prepared by milling from an initial preparation with a much larger particle size.
Comparison to Single Crystal Data: Fe 2 O 3 Powders with a Narrow Size Distribution. The absolute absorption coefficients of Fe 2 O 3 have been previously determined through transmission measurements on a single crystal sample. 9 These measurements can be used as a standard for evaluating the validity of calculations of absolute absorption from bidirectional reflectance data collected for loose powders using a Hapke transform. Rather than evaluating the absolute absorbance coefficients directly, the validity of loose powder methods was tested by comparing the particle diameter predicted using different methods, as eq 8 shows that α(E) is directly proportional to 1/D at all energies. Two different methods for obtaining the refractive index of Fe 2 O 3 for use in the Hapke transform were tested. First, a singlevalued description of n = 2.3(1) was obtained using the selfreferenced method for our powder sample ( Figure S3) . A reasonably close fit between α′ IS and α′ BR could be obtained in this manner, though there were small systematic deviations between the two calculated absorbances even with this best fit value of n. Second, data for n(E) previously measured for Fe 2 O 3 thin films 23 were parametrized using the formalism of the widely used Sellmeier equation:
Parameters D and E were neglected in fits as the inclusion of the last term typically has a very minor effect on the fit quality. The final fit ( Figure 7 ) gave values of A = 4.485 ± 0.063, B = 2.397 ± 0.053, and C = 0.208 ± 0.002.
When evaluating the validity of the absolute absorbances obtained based on a self-referenced fit to n for loose powders or from Sellmeier fits to n(E) from crystalline films, the particle diameter was treated as a refined variable whose value was varied to maximize the quality of the fit between the literature α(E) (black dashed line) obtained from single crystal transmission measurements and the Hakpe α(E) (solid colored lines) derived from loose powder measurements, as seen in Figure 8 . The refined value of D was 0.133 μm when using the thin film refractive index data and 0.166 μm when using the selfreferenced value of n = 2.3(1). This indicates that the most appropriate particle size for the Hapke transform of this system is the primary particle size of 0.16 μm determined from SEM and that using the larger secondary particle size of 1 μm determined from laser diffraction experiments would result in the absolute absorption coefficients of this material being underestimated by about a factor of 10. The close agreement of the particle sizes estimated through the Hapke transform (0.133−0.166 μm) with the particle diameter measured in SEM studies (0.16 μm) suggests that unknown absolute absorbances may be determined with errors of 25% or less under favorable conditions.
As can be seen from this analysis, the greatest challenge in obtaining accurate absolute absorption coefficients from loose powder samples is obtaining powders with a nearly monodisperse size distribution and obtaining an accurate measurement of their size. Furthermore, it is advantageous to work with sample preparation methods that result in the production of isolated primary particles rather than leading to the formation of larger secondary particles. Preparation methods such as hydrothermal synthesis or the reductive milling of large primary particles are expected to be most effective in this regard.
Through the utilization of the Hapke formalism to describe the scattering of loose Fe 2 O 3 powders, the contribution of different terms influencing the overall reflectance of this sample can be separately plotted, as is done in Figure 9 . As expected from eqs 1−5, the internal and external scattering coefficients primarily depend on n and do not substantially vary over the measurement range. The measured reflectance and the inferred singlescattering albedo behave in a similar manner as they both are related to the efficiency with which light is scattered from the 9 (dashed black line) with relative absorption spectra obtained from bidirectional reflectance data for loose powders using either a single value of n determined in a self-referenced manner (green solid line) or using n(E) previously determined from thin films 23 (solid orange line). The absolute absorbances obtained from loose powders will have exactly the same energy dependence but will differ in magnitude, as discussed in the main text. Figure 9 . Energy variation of different parameters utilized in Hapke transforms for calculating the overall absorption coefficient of Fe 2 O 3 using n(E) previously determined from measurements on thin films, including the measured reflectance, R, as well as derived parameters such as the internal and external scattering coefficients, S i and S e ; the singlescattering albedo, w; and the internal transmission coefficient, Θ.
sample. Finally, Θ describes the I/I 0 ratio of light passing through the interior of Fe 2 O 3 particles and, as such, is directly related to their absorption coefficient. Good insights into Θ cannot be obtained at energies beyond about 2.2 eV since at higher energies the sample powders nearly completely absorb incident light and for this reason provide very limited sensitivity to variations in α.
Comparison to Single Crystal Data: Ge Powders with a Wide Size Distribution. The simple semiconductor Ge was used as a second reference compound used for evaluating the validity of calculations of absolute absorption from bidirectional reflectance data on loose powders. While the Fe 2 O 3 sample was in many ways ideally suited for this approach, the present Ge sample exemplifies many problems that can limit the validity of absorption coefficients calculated using a Hapke transform. The absorption spectrum of Ge near room temperature (300 K) is known to be characterized by an indirect gap with an energy of 0.62 eV and a direct gap with an energy of 0.81 eV. 8 In contrast to Fe 2 O 3 , which has weak absorption at the spectral regime over which single crystal transmission data were available, the direct Ge absorption is strong and saturates at energies just above the direct gap.
The refractive index of Ge was obtained both in a selfreferenced manner with n = 1.93(3) ( Figure S4 ) and also through the parametrization of existing literature data obtained from single crystals 24, 25 using the autocollimation method. 26 When modeled using a three-parameter Sellmeier fit, the single crystal data yielded values of A = 8.996 ± 0.211, B = 7.150 ± 0.169, and C = 0.340 ± 0.057. The self-referenced and single crystal refractive index results are compared in Figure 10 . It can be seen that the refined self-referenced value of n is about half of the literature value of n(E) obtained for single crystals. This huge discrepancy is attributed to the tremendously limited range of optical data on Ge suitable for analysis (0.7−0.8 eV), as can also be seen in the raw reflectance data ( Figure S5 ). The narrow fitting range does not allow the refractive index to be effectively determined. This is consistent with the behavior seen for La 4 Mo 2 O 11 and La 2 MoO 5 in Figure 4 , where the energy dependence of the calculated absolute absorption was insensitive to the refractive index over the energy range of 0.5−1.5 eV but was very sensitive when calculated over the full energy range of 0.5−3.0. The absolute absorption for Ge measured from single crystal transmission data can be compared to α(E) from loose powders (Figure 11) , with the particle size again used as an adjustable parameter that reflects the quality of the absolute absorbance inferred from bidirectional reflectance data. The fit to the single crystal diffraction α(E) is noticeably better using the refined single value of n instead of the more accurate experimentally determined n(E). This is attributed to artifacts associated with trying to model the absorbance of particles with a wide size distribution using a mathematical model which assumes a single size of particle. From comparisons to the single crystal results, the effective particle size is calculated to be 12.5 μm when using the self-referenced value of n = 1.93, and to be 2.7 μm when using the literature values of n(E). There is a large difference between these values due to the large difference in the magnitude of n used in the two Hapke transforms. Both inferred sizes are much smaller than the 50 μm expected particle size based on laser diffraction and SEM measurements ( Figure 6 ). It is generally expected that the smaller particle sizes will have a dominant effect on the calculated absolute absorbances, and this is indeed seen here. The extended low diameter tail in the Ge particle size distribution represents a worst case scenario for trying to accurately calculate absolute absorbances using the Hapke transform since the particle sizes with the largest effect on the measurement are present in small fractions that are difficult to model and quantify. It is expected that experimental efforts to narrow the size distribution of the semiconductor system (sieving, filtration, and sedimentation, etc.) could be used to narrow the size distribution and produce more reliable results, though such efforts are beyond the scope of the present work for this well-known semiconductor system.
The contribution of different terms in the Hapke transform influencing the calculated absorbance of Ge are separately plotted in Figure 12 . The internal and external scattering coefficients determined for Ge do not substantially differ from those of Fe 2 O 3 , though the reflectance and single-scattering albedo are quite different, as expected given the very different nature of the light absorption for these two samples. The internal transmission coefficient is reduced to much smaller values over the spectral range of interest for Ge, consistent with the stronger 8 (dashed black line) with the relative absorption spectra obtained from bidirectional reflectance data for loose powders using either a single value of n = 1.93 determined in a self-referenced manner (green solid line) or using n(E) previously determined from single crystals 26 (solid orange line). Absolute absorbances obtained from loose powders have the same energy dependence as these relative absorbances, as discussed in the main text.
absorption associated with the indirect and direct gaps of this compound relative to the forbidden d−d transition around 1.4 eV that was the primary feature in the energy range for Fe 2 O 3 . These plots are useful for identifying the energy ranges for which the Hapke transform approach is most likely to succeed, and conversely, also those regions in which the assumptions of this approach are most challenged.
■ CONCLUSION
A method of determining the absolute absorption coefficients of loose powder samples through the application of a Hapke transform to bidirectional reflectance data has been demonstrated. In addition to the measured reflectance, information about the refractive index, n, and particle diameter is also needed to calculate absolute absorbances. If literature data for n are not available, it is shown that a novel self-referenced approach for determining n can be used in which the agreement is maximized between the relative absorption calculated from integrating sphere data (which is independent of n) and bidirectional reflectance data (which depends on n). Particle size data can be obtained from SEM (sensitive to primary particle size) or laser diffraction measurements (sensitive to secondary particle size), and the primary particle size was found to be most appropriate for correctly calculating the absolute absorption of Fe 2 O 3 powders. While these easy and rapid methods should be generally applicable to a wide variety of complex materials, it is demonstrated using Ge semiconductors that the self-referenced determination of n is not effective when the energy range of the measurable optical response is narrow and that the results obtained from the Hapke transform are not reliable when the particle size distribution is broad. To date, the absolute absorption coefficients of the majority of emerging semiconductors being studied for solar fuel production are completely unknown, and the present approach provides a means for rapidly obtaining first estimates of both the absolute absorption and refractive index of these materials.
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